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Abst rac t  

The appearance of  s i g n i f i c a n t  and p o s s i b l y  dominant amounts of oxygen i o n  

plasma i n  t h e  middle and o u t e r  magnetosphere of S a t u r n  is cons idered .  I f  d i f f u -  

s i o n  were t h e  primary mode of t r a n s p o r t ,  n i t r o g e n  ions  from T i t a n  would be t h e  

dominant i on  s i n c e  oxygen i o n s  would be l o s t  by charge  exchange wi th  t h e  n e u t r a l  

hydrogen cloud.  The re fo re ,  a r a d i a l  convec t ive  f low system, d r i v e n  by t h e  

az imutha l  divergence caused by f a l l u r e  of t h e  p l a n e t  t o  impose r i g i d  c o r o t a t i o n  

is i n v e s t i g a t e d  f o r  incompressible  flow. We f i n d  t h a t  such a flow regime can  

ma in ta in  t h e  supply  of oxygen plasma t o  t h e  trans-Rhea r eg ion  and is q u a l i t a -  

t i v e l y  c o n s i s t e n t  w i th  observed flow p a t t e r n s .  

INTRODUCTION 

Rad ia l  v e l o c i t i e s ,  both inwards and outwards,  have been observed i n  t h e  mag- 

ne tosphere  o f  S a t u r n  CLazarus and tlcNutt, 19831. I t  has a l s o  been found t h a t  

t h e  mass of t h e  heavy ion  i n  t h e  outer  magnetosphere is inore l i k e l y  t o  be 16 amu 

than  1 4  [Richardson, 1986) .  I t  h a s  been shown by E v i a t a r  e t  a l .  (19831 t h a t  if 

t h e  t r a n s p o r t  of i o n s  from t h e  inner  icy s a t e l l i t e s ,  i . e . ,  oxygen and o t h e r  water 

vapor d e b r i s  and t h e  t r a n s p o r t  of n i t rogen  from T i t a n  depend on  r a d i a l  d i f f u s i o n ,  

t h e  presence of t h e  n e u t r a l  hydrogen cloud w i l l  prevent  s u b s t a n t i a l  amounts of 0 

from reaching  t h e  o u t e r  magnetosphere and t h e  dominant ion  a t  L = 15 o r  more, 

shou ld  be N . 

+ 

+ 

I n  t h i s  l e t t e r ,  w e  s h a l l  consider  a p o s s i b l e  a l t e r n a t i v e  means of provid ing  

0 plasma t o  t h e  middle and ou te r  magnetosphere from t h e  sources  l o c a t e d  a t  

Rhea 's  o r b i t  and inward. The  mechanism we propose is d i r e c t  f low out  of t h e  

i n n e r  magnetosphere. 

+ 
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Flow tfodel 

We s t a r t  wi th  t h e  s t e a d y - s t a t e  con t inu i ty  equat ion  

I n  t h i s  equa t ion ,  n is t h e  oxygen ion  number d e n s i t y ,  v_ is t h e  plasma f low 
+ 

"H v e c t o r ,  

is t h e  number d e n s i t y  of n e u t r a l  hydrogen i n  t h e  o u t e r  magnetosphere c loud ,  

= (vr ,  v vz), (J is t h e  0 - H charge exchange c r o s s  s e c t i o n  and 
$' 

where charge  exchange wi th  n e u t r a l  hydrogen I s  assumed t o  be t h e  dominant l o s s  

mechanism. The i n c o m p r e s s i b i l i t y  of the  flow ( V - v  = 0) leads t o  t h e  equat ion:  - 

where L = r/Rs,  i .e .  t h e  d i s t a n c e  a t  which a f i e l d  l i n e  i n t e r s e c t s  t h e  equato- 

r i a l  p l ane ,  expressed  i n  S a t u r n  r a d i i .  

I t  has  been shown r e c e n t l y  CEviatar and Richardson,  1986) t h a t  t h e  

azimuthal  f low i n  t h e  i n n e r  magnetosphere of Sa tu rn  is s i g n i f i c a n t l y  sub- 

c o r o t a t i o n a l  and l a c k s  azimuthal  symmetry. From t h i s  we s h a l l  proceed t o  

c a l c u l a t e  t h e  parameters  v and v r equ i r ed  f o r  t h e  s o l u t i o n  o f  equa t ion  

2. For t h e  moment, we s h a l l  ignore t h e  v e r t i c a l  component of t h e  f low 
L + 

and expres s  t h e  i n c o m p r e s s i b i l i t y  i n  c y l i n d r i c a l  c o o r d i n a t e s  t h u s ,  

av 
+ 0 and v +R SU. where Q is t h e  r o t a t i o n  r a t e  of S a t u r n .  a+ 4 s  For l a r g e  va lues  of L, 
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a V  L 

84 S L  These c o n d i t i o n s  w i l l  be s a t i s f i e d  by: = -alR Q ( 2 ) p  i n  which a is a 

p o s i t i v e  func t ion  of 4 t h a t  has  a minimum s h o r t l y  a f t e r  l o c a l  noon and a maximum 

s h o r t l y  a f t e r  l o c a l  midnight ,  which corresponds t o  t h e  l o c a l  time p r o f i l e  of iono- 

sphe re  plasma d e n s i t y  [Kaiser e t  a l . ,  1984). The va lue  of  t h e  exponent p can ,  

i n  p r i n c i p l e ,  be determined from the l a t i t u d e  dependence of  t h e  ionosphe r i c  

conductance and t h e  radial  dependence of  t h e  mass loading  ra te  (vid.  E v i a t a r  and 

Richardson,  1986 and d i s c u s s i o n  below). T h i s  leads 

t o  

In  ou r  n o t a t i o n  a' = - da 
d4 - 

r P  

We may t h e n  i n t e g r a t e  equat ion  3 t o  o b t a i n  

L P-1 a RSQLo 
LVL = L v ( L o )  + 

O L  ( p-1) (S) 

We impose t h e  boundary c o n d i t i o n  t h a t  LvL+ 0 a s  L + =, which impl i e s  t h a t  

I t  is i m p l i c i t  i n  t h e  above t h a t  p > 1. We a l s o  note  t h a t  t h e  d i r e c t i o n  

of v w i l l  depend on t h e  s i g n  of a', which can be determined from t h e  

obse rva t ions .  If t h e  azimuthal  v e l o c i t y  depends on t h e  conduc t iv i ty  i n  such  a 

way t h a t  a'<O i n  t h e  morning s e c t o r ,  a s  we assume, we p r e d i c t  t h a t  t h e r e  w i l l  be 

out f low i n  t h e  morning s e c t o r  and inflow i n  t h e  a f t e rnoon  and evening s e c t o r .  

L 



We may now r e t u r n  t o  s o l v e  equat ion 2 f o r  t h e  d e n s i t y  d i s t r i b u t i o n .  

As t h e  equa t ion  s t a n d s ,  an a n a l y t i c a l  SolutLon is most d i f f i c u l t ,  f o r  t h e  

v a r i a b l e s  are not s epa rab le .  For t h e  moment, l e t  u s  assume az imutha l  

un i fo rmi ty  of d e n s i t y ,  1.e. - an  - - 0 and o b t a i n  t h e  s imple r a d i a l  equat ion:  a+ 

I n  t h e  morning semicircle, v > 0 ,  L > Lo, n + 0 f o r  L + QD and i n  t h e  a f t e rnoon  

and n i g h t  semicircle, vL < 0 ,  L < Lo, n + 0 for L + =. Thus t h e  boundary 

c o n d i t i o n  f o r  l a r g e  L is s a t i s f i e d  in  both  s e c t o r s .  Our f i n a l  expres s ion  f o r  

t h e  d e n s i t y ’ a s  a f u n c t i o n  of L is: 

L 

COMPARISON WITH OBSERVATIONS 

The t r a j e c t o r i e s  of both Voyager s p a c e c r a f t  were such t h a t  t hey  e n t e r e d  

t h e  magnetosphere i n  t h e  e a r l y  a f te rnoon,  went around t h e  p l ane t  on t h e  dusk 

ansa  and then  l e f t  on t h e  n igh t  s i d e .  As a r e s u l t ,  w e  have flow and d e n s i t y  

data p r i m a r i l y  i n  t h e  a f t e rnoon  and evening s e c t o r s ,  wi th  only  a pe r iod  of  a few 

hours  a v a i l a b l e  i n  t h e  pos t  midnight s e c t o r .  

I n  F igure  l a  w e  show t h e  d ipole  L va lues  sampled by Voyager I as a 

f u n c t i o n  o f  l o c a l  time. F igu res  l b ,  IC and i d  show t h e  c o r o t a t i o n  f r a c t i o n ,  

2 1 / 2  
v / R  SILT t h e  non-azimuthal f r a c t i o n  (v: + v ) 4 J s  z /RS8L and t h e  r a d i a l  v e l o c i t y  
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i n  km/sec r e s p e c t i v e l y ,  a l l  a s  func t ions  of l o c a l  time as  observed by 

Voyager 1. The s e c t o r  of l o c a l  time t r a v e r s e d  by t h e  Voyager 2 s p a c e c r a f t  was 

t o o  small t o  p r o v i d e . d a t a  of re levance t o  t h i s  s t u d y  on r a d i a l  f low i n  t h e  

middle and o u t e r  magnetosphere. 

We note  t h a t  for Voyager 1, the  speed  was near  f u l l  c o r o t a t i o n  from 1700 

l o c a l  time (LT) on through t h e  evening s e c t o r  w i th  t h e  s p a c e c r a f t  l o c a l i z e d  

between t h e  o r b i t s  of  Dione and Tethys. During t h e  e a r l y  a f te rnoon,  t h e  co ro ta -  

t i o n  f r a c t i o n  dropped s h a r p l y ,  t he re  were s i g n i f i c a n t  nonazimuthal components 

and t h e  radial  v e l o c i t y  dropped from large p o s i t i v e  (outward)  va lues  t o  small 

nega t ive  (inward) va lues  at about 1330LT and 1430LT. These f i g u r e s  were 

o b t a i n e d  by means of  t h e  v e l o c i t i e s  g iven  by Richardson C19861. Details o f  

t h e  d e r i v a t i o n  and u n c e r t a i n t i e s  are  g iven  t h e r e i n .  We may a t t r i b u t e  t h e s e  

e v e n t s  t o  pass ing  t h e  noon conduc t iv i ty  maximum and t h e  c ros s ing  of t h e  L- she l l s  

of Rhea and Dione. The appearance of s lowly  inc reas ing  inward flow from approx- 

ima te ly  2000LT t o  a maximum value  of over 20 km/sec a t  2300LT is r easonab ly  

c o n s i s t e n t  w i th  t h e  general f e a t u r e s  of t h e  model desc r ibed  above. The dec rease  

i n  c o r o t a t i o n  f r a c t i o n  and t h e  i n t e n s i f i c a t i o n  of r a d i a l  f low a t  2300LT appear  

t o  be a s s o c i a t e d  wi th  t h e  c r o s s i n g  o f  t h e  L-shel l  of Tethys.  A t  about  OlOOLT 

on day 318 t h e  s p a c e c r a f t  c ros sed  the  L-shel l  of Dione ve ry  near t h e  r i n g  p l ane .  

The c r o s s i n g  appears  t o  be a s soc ia t ed  wi th  a s h a r p  drop  i n  c o r o t a t i o n  f r a c t i o n  

which has  been a t t r i b u t e d  t o  mass loading of matter s p u t t e r e d  from Dione 

CEviatar  and Richardson 19861 and with a swi tch  t o  outward flow i n  conformi ty  

w i t h  t h e  p r e d i c t i o n s  of our  model. 

Q u a n t i t a t i v e  e v a l u a t i o n  of equat ion ( 8 )  depends on ob ta in ing  re l iable  v a l u e s  

of  a, a' and p,  none of which a r e  r e a d i l y  a v a i l a b l e  from t h e  da t a .  Nonethe- 

l e s s ,  w e  may compare t h e  dropoff  in  0 d e n s i t y  r ep resen ted  by equa t ion  ( 8 )  

w i t h  t h a t  computed f o r  t h e  case  of pu re  d i f f u s i v e  t r a n s p o r t  by E v i a t a r  e t  a l .  

+ 
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C19831. For a d i f f u s i o n  c o e f f i c i e n t  Varying as  L3 and normalized by t h e  low 

energy charged p a r t i c l e  (LECP) r e s u l t s  a t  t h e  o r b i t  o f  Rhea CKrimigis e t  a l . ,  

19811, E v i a t a r  e t  a l .  C19831 found t h a t  t h e  oxygen Ion d e n s i t y  would d rop  o f f  a s  

L-24, which would correspond t o  a dep le t ion  by a f a c t o r  of 3-10  between 8 and -7 

1s RS. For p = 2 which corresponds t o  t h e  case of E being p ropor t iona l  t o  L 

and dtl/dt being p ropor t iona l  t o  L-l  CEviatar and Richardson,  19861 where I: is 

t h e  ionosphere Pedersen conductance and W d t  t h e  mass loading rate i n  t h e  

magnetosphere,  a 112, a' - - 112, u = 1.7.10-1s cm2 CStebbings e t  a l . ,  19601, 

% = 20 cm 

P 

P 

-3 CBroadfoot e t  a l . ,  19811, L = I S  and Lo = 8, we f i n d  

E- * .93 n 
0 

(9) 

Although equa t ion  (9)  is  indeed a ve ry  rough estimate of t h e  degree  of  

d e p l e t i o n ,  t h e  q u a l i t a t i v e  conclusion is f i r m ,  i . e .  t h a t  not o n l y  are t h e  

middle and o u t e r  r eg ions  of t h e  magnetosphere s i g n i f i c a n t l y  contaminated by 0 
+ 

from t h e  i n n e r  s a t e l l i t e s ,  but i n  view of t h e  h igher  d e n s i t i e s  i n  t h e  sou rce  

r e g i o n s  near  t h e  i c y  s a t e l l i t e s ,  we may expect  0 t o  be t h e  dominant ion  i n  
+ 

t h e  mantle  r eg ion .  

DISCUSS ION 

We have i n v e s t i g a t e d  t h e  apparent anomaly i n  t h e  charge t o  mass r a t i o  

i n t e r r e d  from plasma observa t ions  (PLS) i n  t h e  middle and ou te r  magnetosphere 

of S a t u r n .  While t h e  proximate source T i t a n  should  supply  N plasma and t h e  
+ 

n e u t r a l  hydrogen cloud can e f f e c t i v e l y  block t h e  advect  i o n  by rad ia l  d i f f u s i o n  

of 0' from t h e  t o r i  of t h e  i c y  s a t e l l i t e s  CEviatar e t  a l . ,  19831, most s p e c t r a  

ana lyzed  i n  t h e  reg ion  between 14.5-17 Rs have shown b e t t e r  f i t s  t o  an ion  of 

mass 16 ,  presumably 0 [Richardson, 19861. 
+ 

In  o r d e r  t o  e x p l a i n  t h i s  phenomenon, w e  have had recourse  t o  t h e  radial  

f lows  r e p o r t e d  by both Lazarus and McNutt C19831 and Richardson C19861. Under 
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t h e  assumption of i n c o m p r e s s i b i l i t y ,  we h ve shown t h a t  t h e  dev ia  i o n s  from 

r i g i d  c o r o t a t i o n  caused by mass loading and low ionospher ic  conductance 

CEviatar and Richardson, 19861 g ive  rise t o  a r a d i a l  f low d i r e c t e d  outwards 

between s h o r t l y  a f t e r  l o c a l  midnight and s h o r t l y  a f t e r  l o c a l  noon and Inwards 

f o r  t h e  rest of t h e  d i u r n a l  c y c l e .  I n t e g r a t i o n  of  t h e  s t e a d y - s t a t e  c o n t i n u i t y  

equa t ion  under t h e  assumption (admi t ted ly  & hoc and u n j u s t i f i e d )  of az imutha l  

symmetry in t h e  0' d i s t r i b u t i o n ,  leads t o  an  expres s ion  f o r  t h e  rad ia l  

v a r i a t i o n  o f  0 d e n s i t y  which p r e d i c t s  t h a t  about 907. of t h e  d e n s i t y  a t  8 RS 

w i l l  be p re sen t  a t  15 RS. While t h i s  cannot be regarded  as a def ini te  

q u a n t i t a t i v e  r e s u l t  s i n c e  many of t h e  parameters  involved are v e r y  p o o r l y  

known, i f  a t  a l l ,  it i n d i c a t e s  q u a l i t a t i v e l y  t h a t  radial  f low Is more effect ive 

by s e v e r a l  o r d e r s  of magnitude than  d i f f u s i o n  i n  t r a n s p o r t i n g  oxygen through t h e  

charge  exchange s i n k  posed by t h e  neu t r a l  hydrogen cloud.  The h ighe r  d e n s i t i e s  

i n  t h e  sou rce  reg ion  make domination o f  t h e  plasma composition by 0 , i n  t h e  

r eg ion  t h a t  one might expect  t o  be dominated by N der ived  from T i t a n ,  most 

p l a u s i b l e .  

+ 

+ 

+ 

We have compared t h e  p r e d i c t i o n s  o f  o u r  model w i t h  Voyager I PLS observa- 

t i o n s  of  v e l o c i t y  components p l o t t e d  a g a i n s t  l o c a l  time. While t h e  data 

cannot  be cons t rued  t o  conform r igo rous ly  t o  our  model, t hey  appear  t o  be 

g e n e r a l l y  c o n s i s t e n t  wi th  i ts  broad conclusion.  
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Figure Caption 

Figure 1 .  a )  Dipole L-values, b) corota t ion  f r a c t i o n ,  c )  non-azimuthal 

component normalized to r i g i d  corotation,  and d )  r a d i a l  v e l o c i t y  component 

i n  k d s e c ,  a l l  p l o t t e d  against  l o c a l  time. 
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